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Abstract 7 
Balcony acoustic treatments can mitigate the effects of community road traffic noise.  To 8 
further investigate, a theoretical study into the effects of balcony acoustic treatment 9 
combinations on speech interference and transmission is conducted for various street 10 
geometries.  Nine different balcony types are investigated using a combined specular and 11 
diffuse reflection computer model.  Diffusion in the model is calculated using the radiosity 12 
technique.  The balcony types include a standard balcony with or without a ceiling and with 13 
various combinations of parapet, ceiling absorption and ceiling shield.  A total of 70 balcony 14 
and street geometrical configurations are analyzed with each balcony type, resulting in 630 15 
scenarios.  In each scenario the reverberation time, speech interference level (SIL) and speech 16 
transmission index (STI) are calculated.  These indicators are compared to determine trends 17 
based on the effects of propagation path, inclusion of opposite buildings and difference with a 18 
reference position outside the balcony.  The results demonstrate trends in SIL and STI with 19 
different balcony types.  It is found that an acoustically treated balcony reduces speech 20 
interference.  A parapet provides the largest improvement, followed by absorption on the 21 
ceiling.  The largest reductions in speech interference arise when a combination of balcony 22 
acoustic treatments are applied. 23 
24 
2 
I. INTRODUCTION 1 
Residential balconies are places where people can enjoy the outdoor environment from the 2 
convenience of their homes, especially in tropical and sub-tropical climates.  Balconies are 3 
also areas where private conversations will take place and thus a subjective level of amenity 4 
may be desired.  In urban streets, balconies are likely to be subjected to road traffic noise 5 
levels that may interfere with speech communication.  Earlier research into environmental 6 
noise on residential balconies has mainly focused on road traffic noise and has also involved 7 
a range of methods from full scale measurements1-5 to scale modeling6-13 and theoretical 8 
models6; 7; 14; 9; 10; 4; 15; 11; 5; 16.  A concise review of most of this literature has been 9 
developed17.  More recently, studies in terms of estimated health costs concluded that 10 
potential fiscal savings to communities were available due to the benefits of balcony acoustic 11 
treatments18; 19. 12 
 13 
A review of the literature indicates that speech interference or transmission on residential 14 
balconies subject to road traffic noise has not been deliberately studied and consequently it is 15 
necessary to enhance the research into this topic.  To investigate speech interference and 16 
transmission on residential balconies, a theoretical model is established to explore acoustic 17 
relationships between various street and balcony geometries.  The theoretical model here uses 18 
a combination of the direct path, specular reflection path and diffusion path.  Using this 19 
theoretical model, a preliminary study on the effects of three different balcony geometries 20 
and acoustic configurations across the spatial dimensions of the balcony has been presented 21 
by the authors20.  The results of that preliminary work assisted in confirming that attenuation 22 
of road traffic sound pressure level (SPL) can be expected from solid balcony parapets and 23 
ceiling shields, either independently or in combination with strategic placement of absorptive 24 
surfaces.  However, it was intended to follow on from that preliminary work with detailed 25 
3 
investigations into numerous balcony and street geometrical and acoustical configurations.  In 1 
assessing a larger number of configurations, it becomes possible to comprehensively compare 2 
the effects of different configurations on speech interference or transmission.  An 3 
investigation into speech interference or transmission on a residential balcony needs to 4 
quantify two main variables, (i) interfering noise levels or signal to noise ratio around the 5 
speech frequencies, and (ii) reverberation time (RT) at the listener’s ear.  The theoretical 6 
model developed for this study is capable of predicting both parameters. 7 
 8 
An early study into urban street acoustics and speech intelligibility was based on a 9 
measurement exercise conducted in 1965 by Wiener, Malme and Gogos21 for two street 10 
canyons.  The emphasis was on speech intelligibility for emergency warning purposes where 11 
a loudspeaker and receiver were both located near street level.  Reverberation times over 12 
most of the speech frequency range was 2.5s to 3.5s, however, subjective impressions were 13 
that speech intelligibility was not overly affected because direct to reverberant ratios were 14 
high.  Other early key research on street acoustics by Steenackers, Myncke and Cops22 15 
investigated reverberation with image sources simulating a moving vehicle in a street canyon 16 
but only included one source and receiver location relatively close to each other.  Davies23 17 
calculated reverberation with image and diffusion sources and demonstrated the need to 18 
quantify the energy arriving from scattering within the street, particularly when the source 19 
and receiver are relatively close. 20 
 21 
Recently, most studies have focused on modeling and measuring the effects of specular and 22 
diffuse reflections on sound pressure levels and decay rates because it is known that classical 23 
room acoustics theory is not appropriate for use in long enclosures or street canyons24.  The 24 
range of theoretical models includes both coherent or incoherent image sources25-27, and 25 
4 
either specular reflection, diffuse reflection or both.  Several studies have adopted the 1 
radiosity technique for calculating diffusion in streets28-30.  Iu and Li26 observed that coherent 2 
models are necessary for very narrow street canyons with non-diffuse surfaces for both SPL 3 
and speech transmission index (STI) predictions.  However, incoherent models are 4 
considered appropriate in larger spaces, such as Kang’s study on urban squares29, where 5 
wavelengths are much smaller than the geometrical dimensions of the space and when 6 
surfaces have a diffusion component.  Fundamentally, what was found from all of these 7 
studies is that the slope of a decay curve in urban streets tends to be non-linear near the 8 
source and linear far from the source.  The characteristic of the decay curve is a combination 9 
of image source and diffusion components.  A number of overall conclusions can be made 10 
from the literature, such as; (i) increasing street width increases reverberation time; (ii) the 11 
image sources define the decay curve shape with clear peaks in the response; (iii) diffusion 12 
sources “fill out” the space in the decay curve between the arrival times of image sources; 13 
(iv) reverberation time increases with increasing source to receiver separation distances along 14 
the length or width of a street canyon or urban square.  The location of the source and 15 
receiver is as important as the absorption or diffusion of the street surfaces in determining the 16 
SPL and reverberation time at the listener’s position. 17 
 18 
There are a number of techniques available to quantify the level of speech interference or 19 
speech transmission between two persons.  Some of the quickest and simplest methods assess 20 
the level of background noise only, such as the Speech Interference Level (SIL).  The SIL is 21 
the arithmetic average of the background noise level in octave bands from 500Hz to 4kHz 22 
inclusive.  Other methods take into account the signal to noise ratio (S/N) and the 23 
reverberation time at the listener’s ear, such as the Speech Transmission Index (STI)31.  The 24 
Early Decay Time (EDT) is known to be a better indicator of perceived reverberation time32 25 
5 
than the traditional RT60.  Kang24 investigated STI along the length of a long enclosure and 1 
compared single and multiple sources.  Similarly, Li and Lam27 examined STI along long 2 
enclosures and compared coherent versus incoherent predictions.  In Kang’s study, it was 3 
observed that an optimum spacing of sources could enhance STI, which confirmed the 4 
importance of relative location of source and receiver.  Both of these studies focused on 5 
acoustic conditions along the axis of the long enclosure whereas this research is focused on 6 
SIL and STI observations transversely and vertically to the axis of a long street.  The 7 
consistent use of EDT, RT60 and STI in those studies contributed to the decision to adopt 8 
these parameters for this research. 9 
 10 
The non-stationary (moving) and fluctuating (variable SPL) nature of road traffic noise and 11 
its relationship with speech interference or transmission requires some careful consideration.  12 
Lee and Jeon33 analyzed speech transmission in open spaces with combined noise sources of 13 
traffic and construction noise and found that speech transmission was more affected by 14 
intermittent noise from construction than from their traffic noise recording.  The traffic noise 15 
used in their study included small fluctuations in SPL.  George, Festen and Houtgast34 16 
discussed the combined effects of fluctuating noise and reverberation on speech transmission 17 
in response to the need to have a fluctuating background noise speech transmission indicator.  18 
Their study built upon earlier work by Rhebergen, Versfeld and Drechler35 who investigated 19 
methods to overcome problems of the traditional speech intelligibility methods of assuming 20 
non-fluctuating background noise.  An urban street will contain a number of sources, mostly 21 
in motion and at relatively low velocity.  The vehicular traffic itself is highly variable and 22 
fluctuating in its overall location and quantity and individual source characteristics, for 23 
example sound power and sound frequency.  This means that speech interference or 24 
transmission on a residential balcony will fluctuate concurrently with the fluctuating SPL.  In 25 
6 
addition, as reverberation time at the receiver depends heavily on the location of the source 1 
contributing to the masking noise, speech interference or transmission depends on source 2 
location.  Although there are some promising indicators in development to assess speech 3 
intelligibility in fluctuating noise environments, this current research analyzes the SIL and 4 
STI from an impulse point source representing road traffic noise at an instance in time.  The 5 
comparative effect of balcony geometry and acoustic treatments on speech interference or 6 
transmission is of interest and the SIL and STI are sufficient indicators for this purpose. 7 
 8 
This research developed a custom, computer based theoretical model containing direct, 9 
specular reflection and diffuse reflection modules.  In all scenarios, the modeled street widths 10 
are greater than 25m and varying degrees of diffuse walls are modeled.  Consequently, an 11 
incoherent energy based model using image sources for specular reflection and the radiosity 12 
technique for diffusion is deemed appropriate based on the conclusions made by the earlier 13 
research described above.  The focus for this study is to assess the acoustic effect of various 14 
street and balcony geometries and acoustic configurations in the presence of road traffic 15 
noise.  The receiver is a seated person at the geometric centre of a balcony and the SIL and 16 
STI are investigated. 17 
 18 
II. METHODOLOGY 19 
The methodology adopted for this research commences with the development of a theoretical 20 
model, which has been previously presented by the authors36; 20; 37 but is outlined here for 21 
completeness with the addition of a model validation exercise.  The second part of the 22 
method establishes a set of scenarios where the model is used to calculate a number of 23 
different geometric and acoustic scenarios.  The final part of the method creates a database of 24 
theoretical results for the analysis of all scenarios. 25 
7 
 1 
A. Theoretical Model  2 
1. Overview 3 
The primary purpose of the theoretical and ensuing computer model developed for this study 4 
is to establish a fast but robust platform to perform comparative analysis of a large number of 5 
geometric and acoustic scenarios.  A comparative analysis does not need to simulate real life 6 
measureable sound pressure levels; however, this study partially achieves this by using actual 7 
road traffic sound power levels.  The model sets up a series of simple planes that simulates an 8 
urban street canyon.  The urban street canyon consists of a ground plane and parallel building 9 
facades.  The ends of the urban street and the ceiling are open air and thus fully absorptive.  10 
Most of the planes are associated with the balcony, which is located near the centre of a long 11 
building façade, as indicated in Figure 1(a).  It is assumed that each plane has constant 12 
acoustic properties across the entire area with two adjustable properties being the absorption 13 
coefficient, α, and diffusion coefficient, ζ.  Here, the diffusion coefficient denotes the 14 
percentage of incident energy that is non-specularly reflected and does not represent the 15 
quality of the scattered energy.  The balcony floor, parapets (front and sides) and ceiling 16 
shields (front and sides) constitute barriers, which are used to calculate the attenuation 17 
provided by edge diffraction.  The planes that comprise the balcony are shown in more detail 18 
in Figure 1(b).  The dimensions of each component can be altered to construct a large number 19 
of different geometric scenarios.  Sources and receivers can be located in any position, but 20 
here the sources are located at x = 0, y = 0 (z = variable) and receivers are at locations noted 21 
as per the scenario configuration under investigation. 22 
 23 
This theoretical model includes a direct path, a specular reflection path, and a diffuse path.  24 
Geometric spreading, air absorption and barrier attenuation are included in all pathways.  The 25 
8 
specular reflection path is capable of calculating up to 10 orders of source images with many 1 
of the possible specular reflection paths demonstrated in Figure 2.  The model only considers 2 
a predefined set of possible specular reflections in order to improve calculation speed as 3 
many possible paths are unlikely to occur or their contributions are likely to be negligible.  4 
Figure 2(a) shows the three possible first order specular reflections when considering a 5 
balcony in a street canyon and Figure 2(b) and (c) show some of the predefined 2nd order to 6 
10th order specular reflections arriving at the balcony receiver from street planes and balcony 7 
planes respectively.  To calculate diffusion, the radiosity technique is implemented where 8 
diffusely reflecting surfaces are divided into sub-planes called patches and diffuse energy is 9 
calculated at the balcony arriving from these patches.  Figure 3 demonstrates two radiosity 10 
compartments by distinguishing between the patches from each compartment, the first 11 
radiosity compartment being the urban street and the second radiosity compartment being the 12 
balcony space.  Two radiosity compartments are defined so that the calculated results could 13 
be separated into the contributions to balcony receiver SPL from the two distinctly different 14 
spaces.  Figure 3 also shows the ability of the model to distinguish the path of an arriving 15 
sound pulse with the category defined as the Pulse Type (PT).  There are 6 pulse types 16 
calculated in the model and their relative paths are shown in Figure 3.  Pulse types PT1 and 17 
PT2 relate to the direct paths and specular reflection paths, respectively.  PT3 and PT4 are 18 
respectively the 1st order and 2nd order diffuse paths from the radiosity compartment 1 (the 19 
street).  Similarly, the 1st order and 2nd order diffuse paths from radiosity compartment 2 are 20 
defined as PT5 and PT6, respectively. 21 
 22 
A computer model is created from the geometry and methodology presented above.  The 23 
model is incoherent and designed to calculate SPL in 1/3 octave bands. All direct, specular 24 
and diffuse paths are calculated entirely in logarithmic form and the assumption made that 25 
9 
intensity and SPL are equivalent.  Although the computer model is designed to calculate in 1 
logarithmic form; the detailed theoretical equations included in the computer model are 2 
presented following in non-logarithmic form for easier presentation.  The arrival time of each 3 
source pulse is used to calculate the time-varying SPL received so that generalized acoustic 4 
parameters and statistics may be determined.   5 
 6 
2. Detailed equations 7 
The direct path intensity, Id, is calculated using Equation 1, which includes losses due to air 8 
absorption, , and any possible barrier attenuation, .  In Equation (1),  is an individual 9 
point source and dT is the total distance from source to receiver.  10 
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Barrier attenuation is calculated with Equation 2 using the methodology in ISO9613-11 
2:199638.  Only single diffraction is considered (that is, C3 = 1) and Kmet is ignored due to 12 
close proximity of the barriers to the receiver.  As specular reflections are considered from 13 
the ground plane in the specular reflection module, the constant C2 is equal to 40.  The path 14 
difference, , is calculated for each potential barrier plane with the highest possible path 15 
difference used to calculate dB, which is the logarithmic form of .  As the computer model 16 
calculates in logarithmic form, there is no need to convert the barrier attenuation into the 17 
amount of sound pressure reduced in pascal units.  The model does not consider multiple 18 
barrier effects.  Air absorption is calculated using the methodology in ISO9613-1:199339. 19 
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10 
The specular path intensity, Is, is calculated with Equation 3, which accounts for up to 10 1 
consecutive and different reflection planes.  The subscript, a, refers to reflection plane, a. 2 
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The radiosity method employed is described in more detail elsewhere40; 41 however in 3 
summary, the radiosity technique utilizes radiation heat transfer techniques by considering an 4 
exchange of diffuse energy from radiating planes.  Each plane is divided into a number of 5 
smaller patches, where each small patch provides diffuse energy to the receiver.  Two 6 
radiosity compartments are used as indicated in Figure 3, but the method of calculation for 7 
each compartment is the same. 8 
 9 
There are two orders of radiosity considered in this work.  The number of diffuse reflection 10 
orders is limited to two because the amount of energy contribution to overall levels is 11 
negligible from higher orders.  The limitation to two orders significantly improves computer 12 
model calculation times, whilst simultaneously providing a sufficient number of pulses to 13 
appropriately calculate the RT60 reverberation time.  This would not be true for a room or 14 
smaller volume space; however, a street canyon provides considerable mean free path which 15 
increases arrival time and reduces arriving pulse intensity.  The first order calculates the 16 
diffuse energy intensity, I1, at a receiver point due to a single diffuse reflection from a patch.  17 
Equation 4 calculates the sound power of a plane patch, Wp, from the direct path intensity 18 
from the road source, , to patch, p, and multiplying the surface area of the patch, Ap, and the 19 
diffusion coefficient of the patch, ζp.  In Equation 4, dp is the distance from the road source 20 
to the centroid of the patch and p is any diffraction attenuation between the source, , and 21 
the patch, p.  Equation 5 then calculates I1 by assuming the patch area is sufficiently small 22 
and far enough from the receiver to simulate a point source.  In Equation 5, dpr is the distance 23 
11 
from the centroid of the patch to the receiver and pr is any diffraction attenuation between 1 
patch, p, and the receiver, r. 2 
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The second order of radiosity calculates the diffuse energy intensity, I2, at a receiver due to a 3 
double diffuse reflection that is, from a road source, , to patch, i, to another patch not in the 4 
same plane, j, and then to a receiver, r.  Equation 6 indicates the process, where Wpi is 5 
calculated using an identical version of Equation 4.  When considering second order diffuse 6 
reflections, to account for the amount of diffuse energy radiating from a source plane to a 7 
receiver plane the form factor, FF, is calculated.  This model uses the Nusselt method41, 8 
which is the ratio of the area projected from the receiver plane onto the base of a unit 9 
hemisphere located on the centroid of the source plane.  In Equation 6, ‘jr’ denotes the path 10 
from patch, j, to receiver, r, and subscript ‘ij’ denotes the path from patch, i, to patch, j, and 11 
vice versa. Diffraction attenuation between patch, j, and the receiver, if any, is denoted as jr. 12 
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Finally, the total intensity at the receiver is the sum of all arriving pulses as per Equation 7, 13 
which is calculated for each 1/3 octave band from 20Hz to 20kHz and in turn the SIL is 14 
calculated.  Each arriving pulse is recorded with its arrival time, which is used to generate the 15 
impulse response curve. 16 
12 
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 1 
Calm meteorological conditions are modeled in all cases, not allowing for the effects of wind 2 
velocity and direction, or changing temperature and humidity.  It would be expected that 3 
speech transmission would decrease with increasing wind velocity as ambient noise levels 4 
will be raised due to additional air turbulence.  The actual SPL increase in road traffic noise 5 
on a balcony in a street canyon when wind direction vector is source towards receiver is 6 
ignored, although it would be an important factor to consider during any measurements.  7 
Likewise, the effect of wind velocity and direction on street reverberation times is neglected 8 
in this study. 9 
 10 
3. Model Inputs and Outputs 11 
All acoustic based model inputs are in 1/3 octave bands such as (1) the sound power level 12 
which is applied to an omnidirectional point source, and (2) absorption and diffusion 13 
coefficients which is specified for each plane based on the acoustic configuration being 14 
modeled.  For the purposes of calculating sound velocity and air absorption39, meteorological 15 
data is set to 101.3kPa air pressure, 20°C and 70% relative humidity for all scenarios and 16 
sound velocity is set to 343m/s.  Meteorological data is not changed in any calculation 17 
scenario as its effect is not part of the study focus.  The remaining required inputs are the 18 
dimensions of all the planes that make up a particular scenario. 19 
 20 
The model outputs are derived from a database of each successfully arriving 1/3 octave band 21 
sound pulse.  From this database, it is possible to calculate the total sum of intensity at the 22 
receiver location and also produce the impulse decay curve based on the arrival time of each 23 
13 
pulse.  Prediction of reverberation times uses Schroeder’s42 method, using the reverse time 1 
integral of the calculated decay response and consequently the EDT and RT60 are determined.  2 
The SIL is calculated from the SPL results, and the STI is calculated using both SPL and 3 
EDT or RT60.  Each scenario is assigned an individual case number to ensure specific 4 
identification of results. 5 
 6 
4. Model Validation 7 
The computer model has been validated against 1000Hz reverberation time and SPL 8 
measurement data extracted from Tables 1 and 2 published by Picaut et al43 from their full 9 
scale measurement investigation on reverberation time and sound pressure level variance 10 
within a narrow street canyon.  The computer model was set up to simulate actual conditions 11 
of a street 7.9m wide, 18m high and more than 200m long.  In the computer model a source 12 
with a reference sound power level of 100dB per 1/3 octave band was placed on the central 13 
axis of the street, 0.52m above the pavement at one open end of the street.  A total of 207 14 
receivers in the computer model was established at the same measurement locations made up 15 
of 9 points (3×3 matrix) at each 23 distance locations (6m to 50m) along the street.  For this 16 
validation, the balcony compartment was omitted.  Absorption coefficients were set to 0.01 17 
and 0.05 for the street and building surfaces respectively and diffusion coefficients were set 18 
to 0.25 and 0.5 for the street and building surfaces respectively in order to provide a 19 
reasonable correlation with observations.  Photographs of the street, where measurements 20 
were taken, indicate a very diffuse surface for the buildings particularly when considering the 21 
wavelength of the 1000Hz third octave band centre frequency.  The street surface was made 22 
of large cobblestones and was distinctly more irregular than an asphalt road surface.  23 
Atmospheric absorption was included in the computer model calculations as it was included 24 
in the measurement data, however, the actual meteorological conditions during the 25 
14 
measurements were not stated by Picaut et al43.  Consequently, for an improved fit to the 1 
measurement data, the computer model assumed a temperature of 10C, atmospheric pressure 2 
of 110kPa and relative humidity of 30%.  The model is unable to account for wind velocity; 3 
therefore no analysis on the effect of wind could be performed. 4 
 5 
The arithmetic average of the 9 (3×3 matrix) predicted and measured data points at each 6 
distance along the street is shown in Figure 4.  Figure 4(a) shows the normalized level 7 
difference, as the sound power level of the pistol used in the measurements is not known.  8 
The figure demonstrates very good agreement, with an average difference between measured 9 
and predicted of 1.4dB.  Figure 4(b) compares the average measured and predicted RT60 and 10 
demonstrates overall good agreement with the average difference being 0.096s.  It is 11 
observed that the RT60 differs significantly at distances closer than 10m; however, it is 12 
suspected that the measurements included strong reflections from beyond the open end of the 13 
street, which the computer model did not simulate (assumes end of street α = 1).  The level of 14 
agreement is also notable when considering that an incoherent computer model is applied to a 15 
narrow street with a high level of diffusion in the 1000Hz 1/3 octave band.   16 
 17 
B. Calculation Scenarios 18 
The calculation scenarios considered variables that can be categorized into (a) street 19 
configurations, (b) balcony configurations, and (c) source configurations.  There are a large 20 
number of geometric and acoustic configurations that could have been assessed, yet the 21 
configurations selected for assessment are specifically designed to support the aims of the 22 
research. 23 
 24 
1. Street Configuration 25 
15 
The variables which are adjusted in the street domain are; (1) distance from balcony façade to 1 
source, (2) balcony height above street, and (3) height of opposite buildings.  More scenarios 2 
are located close to the source than at far distances in order to reduce the number of 3 
calculated positions.  Geometric spreading becomes less significant when the receiver is 4 
further from the source; hence, a sparser grid of receiver locations is acceptable.  The 5 
distance between the balcony façade and the sources is set to 5m, 10m, 20m, 40m or 100m.  6 
The height of the balcony floor above street level is set to 3m, 6m, 15m, 30m, 45m, 60m or 7 
90m.  As the highest balcony modeled is 90m, two opposite building heights are selected to 8 
guarantee either no reflection (0m) or a first order specular reflection (45m) from opposite 9 
buildings.  These combinations are combined to form 70 different street geometry scenarios.  10 
Figure 5 presents the street geometry combinations in scale.  Absorption and diffusion 11 
coefficients of the street space surfaces are constant across all 1/3 octave bands for all 12 
scenarios.  This is done because the aim is to observe overall differences due to balcony 13 
configurations rather than attempt to assess changes in the streets’ acoustic characteristics; 14 
however, that would be a useful future study.  Absorption coefficients are set to 0.05 for 15 
opposite buildings, street and balcony façade in order to simulate highly reflective surfaces 16 
such as concrete.  A large diffusion coefficient is placed on the walls of the street canyon, 17 
slightly larger than reported from other studies30, because most streets are likely to contain 18 
many surface irregularities, such a balconies on surrounding buildings that the simple 19 
geometric planes in the computer model are not able to simulate.  Also, buildings that have 20 
varying setbacks from the street and also have different façade structures will significantly 21 
add to the level of diffusion energy.  To simulate large geometric irregularities in the street 22 
canyon, diffusion coefficients are 0.45 for opposite buildings and balcony façade.  Diffusion 23 
coefficients are set to 0.05 for the street (ground plane) as the street surface is relatively flat 24 
in most circumstances. 25 
16 
 1 
2. Balcony Configuration 2 
The primary focus of this study is to compare a number of different balcony geometric and 3 
acoustic configurations.  A total of 9 different balcony types are established for assessment 4 
and these are presented figuratively in Figure 6.  Type 1 is a balcony without a ceiling, which 5 
will be rare but it is included specifically to compare against Type 2 which is similar but has 6 
a ceiling.  In most situations, Type 2 will represent a ‘base case’ as it will be the most 7 
common form of non-acoustic balcony.  The remaining Types 3 to 9 inclusive are various 8 
combinations of 1.0m high parapet, 0.5m high ceiling shields and acoustic absorption placed 9 
on the ceiling and for Type 9, also on the rear of ceiling shield.  Type 9 represents the highest 10 
rated acoustic balcony configuration assessed in this study.  An absorption coefficient of 0.75 11 
is set as a constant for all absorptive surfaces within the balcony space, and 0.05 for all 12 
reflective surfaces.  Diffusion coefficients are all set to a constant 0.05 for surfaces within the 13 
balcony space.  A 1.0m high solid parapet is adopted as this is typically the lowest parapet 14 
height acceptable due to balcony safety standards.  The ceiling shield height of 0.5m is 15 
selected as it is considered that a greater height would not be considered practical and less 16 
height is unlikely to demonstrate a significant acoustic benefit. 17 
 18 
It is assumed that most conversations taking place on a balcony will be conducted in a seated 19 
position.  Data on the average ear height of seated person was not readily available, thus it is 20 
assumed that the ear height and eye height are equivalent.  The average eye height of a seated 21 
person is determined through analysis of standard architectural44 and ergonomic data45.  The 22 
sitting eye height (top of seat to eye level) data is based on British and US men and women.  23 
After comparison, it is found that the 5th percentile (P5) was 685mm, the average 770mm and 24 
the 95th percentile (P95) is 860mm; a range of 175mm.  The average seat height for balcony 25 
17 
furniture is found to be approximately 406mm (16inches).  Taking the average ear height and 1 
average seat height together, it is observed that the average floor to ear height is 1176mm.  2 
For simplicity, this is rounded upwards to 1.2m.  All receiver calculations in this study are at 3 
1.2m above the balcony floor level and located horizontally at the geometric centre of the 4 
balcony. 5 
 6 
The importance of a reference position has been demonstrated previously2; 3; 14; 20; 37.  In this 7 
study a reference position is located at 1.2m above the balcony floor to correspond with the 8 
average seated ear level receiver position and 1.0m street side of the leading edge of the 9 
balcony floor.  The purpose of the reference position is to better determine the acoustic effect 10 
of the balcony configuration under assessment, and it is anticipated that this position will be 11 
used for any future compliance testing.  Figure 7 shows the locations of the balcony receiver 12 
and the reference position used for each calculation scenario. 13 
 14 
Regarding the calculation of STI on the balcony, the SPL of the speech signal is based on 15 
normal voice levels at a 1.0m speaker to listener distance which is appropriate for residential 16 
balcony conversations.  The speech signal SPL’s were 51.2dB, 57.2dB, 59.8dB, 53.5dB, 17 
48.8dB, 43.8dB, and 38.6dB in 1/1 octave bands from 125Hz to 8kHz.  Directivity of the 18 
speaker is not modeled, assuming ideal conditions where the speaker is facing the listener.   19 
 20 
3. Source Configuration 21 
A single passenger car travelling at 60 km/hr on a dense graded asphalt pavement surface is 22 
modeled as the source.  The average 1/3 octave band sound power level spectrum for this 23 
vehicle type, speed and pavement surface is obtained from another study conducted by the 24 
principal author46.  In that study the sound power of individual vehicles in-situ traffic was 25 
18 
measured generally following the method in Nordtest Method 10947.  Figure 8(a) shows the 1 
measurement layout for each site.  A B&K Pulse instrumentation system was used to conduct 2 
measurements simultaneously at two microphone positions of 0.2m and 4.0m above the 3 
pavement surface.  The Pulse instrument was linked and controlled via a spreadsheet which 4 
calculated and compiled individual vehicle sound power level into database.  The system was 5 
calibrated before and after each measurement session.  The Leq in 1/3 octave bands from 6 
20Hz to 20kHz of an individual vehicle was measured and vehicle speed was obtained with a 7 
laser type speed gun and recorded as the vehicle passed the microphones.  The measured Leq 8 
from both the 0.2m and 4.0m microphones were normalized to a Sound Exposure Level 9 
(SEL) at 10m (LE,10m) and then converted to sound power level (Lw) using published transfer 10 
function values C(v)48 with speed correction (Lw = LE,10m + C(v)).  The final Lw for each 1/3 11 
octave band was the highest Lw out of the 0.2m and 4.0m microphones.   12 
 13 
In this study, to better simulate road traffic noise the total vehicle Lw is separated into two 14 
point sources, rolling noise at 0.3m above the pavement and propulsion noise at 0.01m above 15 
the pavement to be in accordance with recent road traffic noise prediction methods in 16 
Europe49.  The rolling, propulsion and total 1/3 octave band sound power level spectrum used 17 
is shown in Figure 8(b).  Both rolling and propulsion noise sources are included in all 18 
scenario calculations.  All sources in this study are modeled as an impulse point representing 19 
a single vehicle type, speed, pavement surface type and road gradient directly in front of the 20 
balcony.  This is appropriate as the purpose is to determine the relative trends in SIL and STI.  21 
Selection of a different source type, such as a truck or a different speed would change the 22 
sound power level and spectrum character, however this change would be applied 23 
consistently for all street and balcony scenarios and thus similar SIL and STI trends would be 24 
largely expected.  This study does not attempt to predict actual road traffic noise levels, as 25 
19 
that would require modeling numerous moving point sources across several lanes of traffic 1 
which introduces both geometric and source sensitivity which need consideration37. 2 
 3 
III. RESULTS 4 
In total there are 630 calculated scenarios made up of the 70 street geometries and 9 different 5 
balcony types.  In each of these 630 scenarios, calculations to both the balcony receiver and 6 
reference receiver positions are performed.  All results are recorded into a single database for 7 
subsequent analysis.  The results are presented in two main sections, (A) Speech Interference 8 
Level (SIL) and (B) Speech Transmission Index (STI).  Throughout these results, y, is the 9 
horizontal distance from the source and, z, is the elevation above the street level. 10 
 11 
A. Speech Interference Level 12 
The speech interference level has a multiple purpose by indicating conditions affecting 13 
speech and also summarizing the average mid-frequency sound pressure levels.  Four 14 
sections on SIL results is considered the most useful method for demonstrating the varying 15 
effects of street and balcony configurations.  The first section compares the SIL across all 16 
nine balcony types.  Secondly, the propagation path, direct, specular reflection and diffuse 17 
reflection is reviewed.  Thirdly, the influence on SIL with the presence or otherwise of an 18 
opposite building is investigated.  Fourthly, the SIL on balconies is compared to the SIL at 19 
the reference position. 20 
 21 
1. Effect of balcony type on SIL 22 
The overall SIL for each balcony type for various horizontal distances (y) and elevations (z) 23 
above street level are presented in Figure 9.  These results include an opposite building of 24 
45m height.  The balcony with the highest SIL is Type 2 at 79dB (y = 5m, z = 3m), Figure 25 
20 
9(b)) and the lowest SIL is Type 3, 4 & 9 at 43dB (y = 100m, z = 90m).  The minimum and 1 
maximum SIL and overall range of each balcony type is shown in Table 1.  Type 2 2 
experiences the loudest noise levels where Type 9 has the lowest.  Reviewing the range 3 
shows that the Type 3 balcony has the largest variability whereas Type 9 has the lowest 4 
variability. 5 
 6 
For balconies that do not have a parapet, as in Types 1, 2, 5, 6 and 7, the SIL converges at 7 
large horizontal distances (y = 100m) so that SIL is independent of balcony elevation.  The 8 
same is not true for balconies with parapet provisions, as in Types 3, 4, 8 and 9, where SIL 9 
remains dependent on balcony elevation even at far distances (y = 100m).  This demonstrates 10 
that at far distances the diffraction attenuation from the balcony floor becomes similar or 11 
negligible as the balcony receiver has increasing line of sight with the source.  A 1.0m 12 
parapet provides diffraction attenuation to a balcony receiver seated at 1.2m above the 13 
balcony floor even at large horizontal distances. 14 
 15 
The effect of balcony ceiling is apparent when comparing Type 1 and Type 2.  The additional 16 
specular reflections from the ceiling raise the SIL particularly when close to the source.  The 17 
inclusion of a parapet only (Type 3) introduces a geometric sensitivity in SIL levels as the 18 
parapet diffraction attenuation that reduces SIL competes with balcony ceiling specular 19 
reflection which raises SIL.  The Type 4 balcony with a parapet and absorptive ceiling 20 
reduces the geometric sensitivity observed in the Type 3 balcony.  The benefit of an 21 
absorptive ceiling is observed in Figure 9(e) for the Type 5 balcony when compared to Type 22 
2 (Figure 9(b)) by noticeably reducing SIL levels at all elevations when close the source.  The 23 
inclusion of a ceiling shield only appears to contribute little to reduce SIL and increases 24 
geometric sensitivity the same way a parapet does for the Type 3 balcony.  The Type 7 25 
21 
balcony with a ceiling shield and absorptive ceiling results in an average reduction in SIL of 1 
4dB compared to Type 2 where y ≤ 10m and z ≥ 15m.  A parapet and ceiling shield 2 
combination without ceiling absorption (Type 8, Figure 9(h)) reduces SIL consistently with 3 
increasing elevation and increasing horizontal distance.  The Type 9 balcony, which includes 4 
a parapet, ceiling shield and ceiling absorption provides the greatest overall reduction in SIL 5 
with particular benefit close to the source.  Generally, the Type 9 balcony provides only 6 
minor reduction in SIL compared to the Type 4 balcony. 7 
 8 
The results in Figure 9 demonstrate that balcony acoustic treatments reduce SIL.  In other 9 
words, improvements to speech communication are achieved with the installation of acoustic 10 
treatments such as parapets, ceiling absorption and ceiling shields.  The actual reductions in 11 
SIL achieved depend on the combination of treatments and the geometry of the street and 12 
balcony.  The following sections interpret certain aspects of the results in more detail. 13 
 14 
2. Effect of Propagation path  15 
The overall composition of the SIL is made up of three categories of propagation path namely 16 
direct, specular reflection and diffuse reflection.  Figure 10(a) to (i) shows the SIL levels 17 
considering each propagation path in isolation for balcony types 2, 3 and 9.  These balcony 18 
types are selected for presentation as Type 2 is the base case, Type 3 demonstrates the effect 19 
of a parapet only and Type 9 demonstrates the effect of the highest degree of acoustic and 20 
geometric mitigation studied.  These results are based on the opposite building being present 21 
at a height of 45m. 22 
 23 
Figure 10 (a), (b) and (c) shows the SIL from the direct path only.  All balcony types have a 24 
large range in direct SIL depending primarily on the vertical and horizontal location.  The 25 
22 
clearest general trend is SIL decreases with increasing distance from the source.  The largest 1 
range occurs close to the source (range = 36.6dB Type 2, 29.3dB Type 3 and 9, y = 5m), the 2 
least range far from the source (range = 3.7dB Type 2, 14.6dB Type 3 and 9, y = 100m).  3 
Close to the source, the diffraction attenuation from the balcony floor contributes 4 
significantly to the loss above geometric spreading and this loss increases with increasing 5 
height above the street level as the relative path difference increases.  The reduction in SIL 6 
for all balcony types 3m above the street is observed to be controlled mostly by geometric 7 
spreading, except for balconies close to the source (y = 5m) where the balcony floor provides 8 
noticeable diffraction attenuation.  Interestingly, the SIL on Type 2 balconies at z = 90m 9 
increases with increasing horizontal distance.  This is due to the relative reduction in path 10 
difference as the balcony receiver has a greater view of the source when further away.  11 
Consequently, SIL on Type 2 balconies appears to converge at large horizontal distances.  12 
The same is not observed for Types 3 and 9 balconies, as the balcony receiver continues to 13 
obtain diffraction attenuation from the front parapet edge such that a slight range in SIL is 14 
present at large horizontal distances.  SIL on Types 3 and 9 balconies at z = 90m remains 15 
stable for all horizontal distances as increasing geometric spreading attenuation and 16 
decreasing parapet diffraction attenuation tend to balance. 17 
 18 
Figure 10 (d), (e) and (f) shows the SIL from the specular reflection path only.  For all 19 
balcony types, SIL from specular reflection is typically greater than SIL from the direct path.  20 
This is not surprising as several specular reflection paths will have less diffraction attenuation 21 
than the direct path.  Reflections off balcony ceilings are noted to be the most dominant form 22 
of specular reflection.  Although not shown in Figure 10, the Type 1 balcony without a 23 
ceiling had a much lower specular SIL at higher elevations (z = 45m to 90m) where the 24 
arithmetic average, ̅ݔ, of specular SIL was ̅ݔ = 46.7dB compared to the Type 2 (̅ݔ =55.6dB).  25 
23 
Figure 10(d) shows the specular reflection SIL for a Type 2 balcony.  SIL reduction with 1 
increasing distance when z = 3m follows geometric spreading attenuation, however not 2 
consistently as elevation above the street increases.  This demonstrates the sensitivity of 3 
specular reflection paths to certain geometries where diffraction edges are included.  Figure 4 
10(e) exemplifies this further where the effect of the parapet edge diffraction results in 5 
inconsistency between adjacent geometric locations.  The Type 9 balcony in Figure 10(f) 6 
reduces these inconsistencies with the inclusion of ceiling shields providing additional 7 
diffraction attenuation and much higher levels of absorption. 8 
 9 
Figure 10 (g), (h) and (i) shows the SIL from the diffuse sources only.  The immediate 10 
observation is that SIL reduces rather consistently with increasing distance and height.  The 11 
effects of diffraction edges are not apparent as diffuse energy paths arrive from all possible 12 
vectors in the street compartment and also the balcony compartment.  Upon close inspection 13 
of the data, it is found that diffuse energy from the street compartment dominated over 14 
balcony compartment diffusion due to the larger surface areas in the street.  The rate of SIL 15 
reduction with increasing distance does not correspond with a standard rate of geometric 16 
dispersion because the significant amount of diffuse energy arrives on the balcony from its 17 
own building façade.  This is a finding similar to that of Tang12.  Thus, diffuse energy from 18 
the balconies own building is an important consideration, especially as diffuse pathways 19 
contribute relatively more to the SIL as distance increases.  The range of diffuse energy is 20 
narrower than either the direct or specular paths, particularly with the Type 2 balcony.  The 21 
effect of parapets in Type 3 is seen when comparing Figure 10(g) with 10(h) where the range 22 
increased with Type 3 more notably when balconies are close to the source.  In all balcony 23 
types, diffuse SIL converges with increasing horizontal distance.  This is due to diffuse 24 
energy from the balcony building façade becoming increasingly dominant contributor to 25 
24 
overall diffuse energy.  Overall, it is observed that balcony acoustic mitigation designs are 1 
more effective at attenuating diffuse paths when higher above the street, as seen in comparing 2 
SIL curves at z = 90m between Figures 10(g), (h) and (i). 3 
 4 
There are a number of overall conclusions from this section.  Firstly, at relatively low height 5 
levels and close to the source, specular energy paths contribute most to the SIL, followed by 6 
the direct path and lastly diffuse paths.  The diffuse path is a significant order of magnitude 7 
below both other paths.  Secondly, at relatively high elevations above the street but relatively 8 
close to the source, the direct path contributes the least to the balcony SIL.  Specular 9 
reflection is the dominant contributor; however diffuse paths are not insignificant.  Thirdly, at 10 
relatively far distances and low elevations, all propagation paths tend to contribute similarly 11 
to the SIL on Type 2 balconies.  With Types 3 and 9 balconies the specular path tends to 12 
contribute most to the SIL, with direct and diffuse paths also being significant.  Fourthly, at 13 
relatively far distances and high elevations, (i) the specular path is the largest contributor to 14 
SIL for Types 3 and 9 balconies while the direct path contributes least, and (ii) diffuse paths 15 
are comparable to specular paths.  The SIL on Type 2 balconies is made up of similar 16 
contributions from all propagation paths. 17 
 18 
3. Effect of opposite building 19 
It is necessary to investigate the effect of the presence or absence of opposite buildings.  This 20 
study calculated two scenarios, no building or a building of constant 45m height.  To 21 
compare its effect on the SIL, the balcony types are placed into three groups, (i) Type 1 as it 22 
has no ceiling or parapet, (ii) Types 2, 5, 6 and 7 being those with a ceiling but without a 23 
parapet (iii) Types 3, 4, 8 and 9 being those with a parapet and ceiling.  Two propagation 24 
paths are investigated, (i) specular and (ii) diffusion from the street (compartment 1 only).  25 
25 
Figure 11 (a), (b) and (c) presents the opposite building effect on the specular path while (d), 1 
(e) and (f) shows the effect on diffusion paths from compartment 1. 2 
 3 
Type 1 balconies demonstrate a pronounced sensitivity to the effect of opposite buildings on 4 
specular reflection SIL (Figure 11(a)).  This is due to the absence of specular reflection from 5 
a balcony ceiling.  The increase in specular SIL tends to be highest when the balcony height 6 
is similar to the height of the opposite building (45m in this study).  At high elevations (z = 7 
90m) the effective increase is lower.  The least effect of opposite buildings occurs when 8 
balcony elevations are low (for example, z = 3m) and there is almost a negligible increase 9 
close to the source because the specular reflection from the ground plane dominates despite 10 
some diffraction attenuation from the balcony floor edge.  It is noted here that the opposite 11 
buildings are 20m away from the source, so an approximate propagation distance for a first 12 
order specular reflection from the opposite building to a balcony 5m away is close to 45m 13 
(approximately 9 times the propagation distance of a specular reflection from the ground 14 
plane).  Consequently it is expected that there is a convergence of the increase in specular 15 
SIL due to opposite buildings when the balcony is far from the source (y = 100m) of just less 16 
than 3dB as the overall propagation distances of all first order specular reflections become 17 
relatively similar. 18 
 19 
The effect on specular SIL due to opposite buildings with balcony types with a ceiling (Types 20 
3, 4, 8 and 9 shown in Figure 11(b); Types 2, 5, 6 and 7 shown in Figure 11(c)) demonstrates 21 
that the increase in specular SIL is significantly less than Type 1 balconies due to the 22 
presence of the ceiling.  This confirms that specular reflections from balcony ceilings are 23 
significant contributors to overall sound pressure levels on balconies.  Nevertheless, the 24 
26 
presence of an opposite building will generally raise specular SIL by 0dB to 3dB consistently 1 
across all horizontal distances and balcony elevations above street level. 2 
 3 
Effects on the diffuse path due to opposite buildings are found to have different 4 
characteristics than the effect on specular paths.  The effect of the leading edge of balcony 5 
floor on attenuating the diffuse path is apparent in Figure 11(d) where the increase in diffuse 6 
energy due to opposite buildings increases with increasing balcony elevation until the 7 
balcony elevation exceeds the height of the opposite buildings.  When this occurs, it is almost 8 
ensured that the balcony floor edge will begin to provide some diffraction attenuation to all 9 
diffuse path arrival vectors.  For a Type 1 balcony, the increase in diffuse SIL from an 10 
opposite building is generally consistent with increasing horizontal distance from the source 11 
within 40m; however, there appears to be a convergence a long horizontal distances (100m) 12 
such that the diffuse SIL is less dependent on balcony elevation.   13 
 14 
Balcony Types 2, 5, 6 and 7 (Figure 11(f)) demonstrate an overall similar effect on diffuse 15 
SIL as the Type 1 balcony, however on closer inspection a slight difference is observed 16 
primarily due to the diffraction attenuation from the introduction of the balcony ceiling 17 
shields.  The diffraction attenuation is enhanced slightly with ceiling shields on Types 6 and 18 
7.  This minor reduction in diffuse SIL is observed at low elevation balconies (z = 3m to 6m) 19 
when a significant proportion of diffuse arrival vectors come from above the balcony from 20 
the opposite buildings.  21 
 22 
Figure 11(e) for Types 3, 4, 8 and 9 demonstrates the average effect of parapet and ceiling 23 
shield diffraction on the diffuse path from the street.  When the balcony elevation is similar to 24 
the average height of the diffusion patches on the opposite building, the range of propagation 25 
27 
distances is relatively smaller and the likely arrival vector will be over the parapet and under 1 
any ceiling shield resulting in lower diffraction attenuation.  When most of the diffuse energy 2 
arrives from a vector above the balcony (for example, z =3 to 15m) the parapet edge provides 3 
very little diffraction attenuation. 4 
 5 
Generally, across all balcony types, the overall increase in diffuse SIL from opposite 6 
buildings ranges between 0.5dB to 2.5dB.  There is a complex interaction between street 7 
surface, balcony building façade and opposite buildings and the resultant diffuse SIL on the 8 
balcony.  The main variable controlling the diffuse SIL on the balcony is the average arrival 9 
vector followed by the average propagation distance.  Similar to specular SIL, the effect of an 10 
opposite building on diffuse SIL is to raise diffuse energy by less than 3dB.  This finding is 11 
expected considering that diffuse path from the balconies own building façade will tend to 12 
dominate the contribution to diffuse SIL.   13 
 14 
4. Reference position 15 
It is essential to develop an understanding of the acoustic effect of the balcony as a whole.  16 
This is done by comparing the SIL on the balcony with the SIL at the reference position and 17 
taking the difference, denoted here as ‘SIL’.  Most environmental road noise calculation 18 
methods and software will predict road traffic noise at a plain façade, and not allow for the 19 
possible attenuation effect of a balcony.  Thus, Figure 12 shows the calculated SIL for each 20 
balcony type studied. 21 
 22 
The first comparison to make is between Type 1 (no ceiling) Figure 12(a) and Type 2(ceiling) 23 
Figure 12(b).  The influence of the balcony ceiling is significant because SIL for Type 2 is 24 
generally -3dB to 0dB where for Type 1 SIL is -9dB to 0dB.  The greatest SIL occurs 25 
28 
close to the source and approaches 0dB at far distances.  This demonstrates that any 1 
diffraction attenuation afforded by the balcony floor is greatly offset by specular reflection 2 
increases provided by a balcony ceiling for any street geometry when close to the source.  Far 3 
from the source, the arrival vectors for the balcony and reference receivers are similar so 4 
diffraction attenuation and specular reflections will also have similar magnitudes, thus SIL 5 
approaches 0dB. 6 
 7 
The SIL for balconies with a parapet but no ceiling shield (Type 3, 4) are shown in Figure 8 
12 (c), (d) respectively.  Type 3 balconies (parapet, no absorption or ceiling shield) are the 9 
most sensitive balconies to geometric locations.  The effects of parapet diffraction attenuation 10 
and specular ceiling reflection can, in some geometric scenarios, combine to enhance or 11 
diminish SIL.  The introduction of ceiling absorption, Type 4 balconies, makes some 12 
improvement to reduce balcony SIL compared to Type 3, but is most effective near to the 13 
source (Figure 12(d) y = 5 to 20m refers).  The inclusion of a parapet enhances SIL at y = 14 
5m to range between -3dB and -6dB, compared to -2dB to -3dB for a Type 2 balcony.  At y = 15 
5m, the range of SIL for Type 1 balconies is -7dB to -13dB, so the inclusion of a parapet 16 
does not fully counteract the SIL increases produced by the ceiling reflections.  However, far 17 
from the source, the parapet provides diffraction attenuation which can, in some geometric 18 
scenarios, ensure SIL is between -12dB and 0dB.  Like the discussion above, this is due to 19 
the similarity in arrival vectors, and the lower likelihood of successful specular reflections off 20 
the ceiling to the balcony receiver. 21 
 22 
The effect on SIL of an absorptive ceiling only is observed by comparing Types 2 and 5 23 
balconies (Figure 12(b) and (e) respectively).  Similar with other balcony types, SIL for 24 
Type 5 converges to 0dB at far distances because of arrival vector similarity.  However, close 25 
29 
to the source the absorptive ceiling enhances SIL to be within a range of -8dB to -4dB, 1 
which is an enhancement of approximately 1.5dB to 5dB.  The effect on SIL of including 2 
only a ceiling shield (Type 6, Figure 12(f)) demonstrates some minor improvement compared 3 
to a Type 2 balcony but only when geometries combine in such a way as to ensure the ceiling 4 
shield reduces specular reflection via diffraction attenuation.  As the balcony receiver is 1.2m 5 
above the balcony floor, the ceiling shield is only successful in additional noise reduction 6 
compared to the reference receiver for selected geometries.  The combined ceiling absorption 7 
and ceiling shield arrangement (Type 7, Figure 12(g)) demonstrates SIL results that are 8 
remarkably similar with a Type 1 balcony. 9 
 10 
The SIL for balconies with a parapet and ceiling shields with optional absorption (Type 8 11 
and 9) are shown in Figures 11(h) and (i) respectively.  A Type 8 balcony demonstrates 12 
significant effectiveness of combined parapet and ceiling shields when the balcony is close to 13 
the source and very low elevation (y = 5m, z = 3m) however at higher elevations (y = 5m, z ≥ 14 
6m) the combined effect reduces to being similar to a Type 3 balcony.  Yet unlike Type 3 15 
balconies, the Type 8 balcony sustains its enhancement of SIL for increasing horizontal 16 
distances such that SIL is at least -4dB for all elevations up to a horizontal distance of 20m.  17 
The Type 8 balcony is generally not as effective as a Type 4 balcony in enhancing SIL that 18 
confirms the finding that an absorptive ceiling reduces SIL on the balcony better than a 19 
ceiling shield individually.  However, the combination of parapet, ceiling shields and ceiling 20 
absorption provided in Type 9 balconies generates the greatest overall enhancement of SIL.  21 
Close to the source (y = 5m and 10m) the range of SIL is -13dB to -9dB for all elevations.  22 
The SIL for Type 9 is consistently between -9dB and -12dB up to horizontal distances of 23 
40m and elevations greater than 30m (y ≤ 40m, z ≥ 30m).  At far horizontal distances (y = 24 
30 
100m), there is little difference between Type 3, 4, 8 and 9 balconies, demonstrating that 1 
parapet attenuation dominates the SIL at far distances. 2 
 3 
B. Speech Transmission Index 4 
In contrast with the SIL, the STI takes account of the reverberation time at the listeners 5 
position, in this case the balcony receiver.  Reverberation times in street canyons are highly 6 
dependent on the source location and receiver location, in particular the distance between the 7 
receivers.  The STI takes account of the background noise level where, as outlined in the 8 
previous SIL results section, the background noise on a balcony varies considerably with 9 
street geometry and balcony type.  The results following here firstly presents the predicted 10 
reverberation times and secondly reviews the predicted STI for all balcony types investigated 11 
with varying street geometry.  All results presented in this section include opposite building 12 
at a height of 45m. 13 
 14 
1. Reverberation time 15 
The predicted EDT and RT60 is calculated for all of the 670 scenarios and both are used for 16 
each scenario’s specific STI calculation.  Figure 13(a) and (b) presents a summary of the 17 
EDT and RT60 results respectively and also, the difference between RT60 and EDT is 18 
calculated and presented in Figure 13(c).  To generate Figure 13, the arithmetic average of all 19 
balcony types is calculated for the purpose of demonstrating the effect of street geometry on 20 
RT60 and EDT however this average is not used in later analysis comparing balcony types. 21 
 22 
There are no appreciable differences in the reverberation times between the balcony types, 23 
except a slight increase in EDT for balconies with a parapet.  This is attributed to additional 24 
early diffuse reflections from increasing the surface area of the balcony space.   25 
31 
 1 
Referring to Figure 13, the EDT remains unchanged with increasing horizontal distance for 2 
all balcony elevations within 20m horizontal distance, for example at 15m elevation EDT is 3 
0.84s, 0.87s and 0.84s at distances 5m, 10m and 20m respectively.  Regardless, EDT 4 
increases as the elevation of the street canyon increases, for example, EDT is 0.3s, 0.6s, 0.9s, 5 
1.1s, 1.3s, 1.3s and 1.8s at elevations of 3m, 6m, 15m, 30m, 45m, 60m and 90m respectively.  6 
This outcome is primarily due to longer arrival times of important early reflections.  At 7 
horizontal distances greater than 20m, EDT generally increases both with horizontal distance 8 
and elevation and then appears to converge by becoming less dependent on the balcony 9 
elevation.  To demonstrate the apparent convergence, the range of EDT at y = 40m is 1.0s 10 
(1.1s at z = 15m; 2.1s at z = 90m) and 0.6s (2.3s at z = 3m; 2.9s at z = 90m) at y = 100m.  As 11 
the horizontal distance increases, the spread of arrival times between the direct and early 12 
reflections increases, particularly the first order specular reflection off opposite buildings.  13 
Additionally, the arrival time of strong and early first order diffuse reflections off the balcony 14 
building façade (compartment 1) and within the balcony space (compartment 2) will be 15 
spread out.  However, due to the relatively small surface area of compartment 2 compared to 16 
the surface areas in compartment 1, early diffuse reflections from the balcony space do not 17 
contribute greatly to the overall EDT decay slope.  The reason for the EDT’s converging 18 
trend at far distances is due to the propagation distance becoming increasingly similar for all 19 
balcony heights thus ensuring arrival times of early reflections become increasingly similar 20 
for different balcony elevations.  Table 2 presents the arithmetic average of the EDT for all 21 
balcony types grouped according to horizontal and vertical position, (i) y = 5m to 20m, (ii) y 22 
= 40m to 100m, (iii) z = 3m to 15m and (iv) z = 30m to 90m.  These overall results show the 23 
EDT increasing when further from the source which induces a larger surface area 24 
surrounding the street canyon. 25 
32 
 1 
In Figure 13(b), the RT60 is demonstrated to have less range (0.37s to 1.1s) than the EDT and 2 
lower sensitivity with reduced standard deviation ‘ߪ’ (ߪ	= 0.16s) with balcony elevation 3 
compared to the EDT (ߪ = 0.71s).  The RT60 increases slightly with increasing horizontal 4 
distance which is expected as arrival times of strong reflections are increased.  RT60 increases 5 
with increasing balcony elevation, again a result of increasing arrival times of strong 6 
reflections.  The overall range of RT60 is 0.73s.  Table 2 shows the overall arithmetic average 7 
RT60 for the four groups described above for EDT.  Like EDT, RT60 increases when the 8 
receiver is further from the source. 9 
 10 
The difference between RT60 and EDT is shown in Figure 13(c), where a negative value 11 
means EDT is greater than RT60.  The EDT is generally longer than the RT60 by 0.8s which is 12 
on average a consequence of strong early reflections, except for low balcony elevations and 13 
short distances to the source (y ≤ 20m, z = 3m). 14 
 15 
2. Effect of balcony type on STI  16 
The STI is calculated for all scenarios using EDT and RT60, denoted STIEDT and STIRT60 17 
respectively.  As there can be a significant difference between the STIEDT and STIRT60 which 18 
affects the calculation of STI, for the purpose of this paper to present the overall trends in 19 
STI, the arithmetic average of STIEDT and STIRT60 is used to calculate the STI.  The results 20 
presented in Figure 14 for each balcony type are in terms of this average STI.  It is recognised 21 
that a more detailed analysis on the differences between STIEDT and STIRT60 could be 22 
performed; however, this is left for a future study.  The first observation gained from 23 
inspection of Figure 14 is that trends in STI with balcony type are very similar to the trends 24 
observed with SIL.  The STI results demonstrate that speech communication is near to 25 
33 
impossible close to the road traffic noise source.  STI can be divided into categories of ease 1 
of speech communication, such as; ‘Bad’ (STI = 0 to 0.3), ‘Poor’ (STI = 0.3 to 0.45), ‘Fair’ 2 
(STI = 0.45 to 0.6), ‘Good’ (STI = 0.6 to 0.75) and ‘Excellent’ (STI = 0.75 to 1.0).  A large 3 
number of scenarios (65%) calculated achieved a rating of ‘Bad’.  A very small number (4%) 4 
of scenarios (Types 4 and 9, z = 90m) achieved ‘Fair’ while the remaining scenarios (31%) 5 
achieved ‘Poor’. 6 
 7 
The overall range and arithmetic average, ̅ݔ, of STI on each balcony types is shown in Table 8 
3.  Type 3 balconies have the largest variability, whereas Type 2 has the lowest variability in 9 
terms of range of STI values.  As the effect of balcony type on STI results follow the same 10 
trends as for SIL, the repeat of the analysis of reasons will not be presented in this section.  11 
Overall, STI improvements due to balcony acoustic treatments are greater closer to the 12 
source.  The treatment type that is most effective in improving STI compared to Type 2 is the 13 
Type 3 with parapet only, followed by the parapet with ceiling absorption (Type 4).  The 14 
most improvement is obtained with Type 9 which includes a parapet, ceiling absorption and 15 
ceiling shield.  However, like SIL, the STI is not generally improved with the inclusion of a 16 
ceiling shield.  In summary, balcony acoustic treatments will provide improvement in speech 17 
communication in terms of STI. 18 
 19 
IV. DISCUSSION, FUTURE RESEARCH AND CONLUSIONS 20 
In an attempt to summarize the findings, Figure 15 presents the average effect of balcony 21 
type of STI and SIL relative to Type 2.  The STI is calculated for each balcony type assuming 22 
only energy from each individual path (direct, specular or diffuse) is present.  The average is 23 
taken across all horizontal distances and all elevations.  The Type 2 balcony is taken as the 24 
reference balcony as it is likely to be the most common form of non-acoustic balcony.  Three 25 
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groups were established, (i) Type 1, (ii) balconies without a parapet (Types 5, 6, and 7), and 1 
balconies with a parapet (Types 3, 4, 8, and 9).  The relative STI is calculated as a 2 
percentage, whereas the relative SIL is in terms of dB.   Reviewing the relative STI in Figure 3 
15(a), the balcony that provides the highest total relative improvement in STI (174%) is Type 4 
9.  Type 4 is second best (167%), followed by Type 8 (151%), 3 (139%), 1 (130%), 7 5 
(124%), 5 (120%) and finally 6 (108%).  The relative specular STI follows a similar trend to 6 
the total, which indicates the importance of specular reflections on the overall total.  The 7 
direct path shows no relative difference for any balcony without a parapet, but a consistent 8 
improvement of approximately 123% for balconies with a parapet.  A similar effect occurs 9 
for the diffuse path, but less in magnitude than the direct path because of the multiple arrival 10 
vectors possible with diffuse energy. 11 
 12 
Figure 15(b) presents the relative SIL with similar results to that of the relative STI.  13 
However, one notable difference is the direct and diffuse path contributions to the relative 14 
level.  The parapet provides a distinct average reduction in SIL of close to 6dB in the direct 15 
path and 4dB in the diffuse path.  It is clear from Figure 15, that despite some significant 16 
differences in STI or SIL depending on street geometry, the overall effect of balcony acoustic 17 
treatments in the form of parapets, ceiling absorption and ceiling shields is to improve speech 18 
communication by reducing SIL and increasing STI.   19 
 20 
There remains some advancement that could be made to enhance the work in the future, such 21 
as (1) more balcony and street sizes with diverse absorption and diffusion coefficients; (2) 22 
multiple traffic sources and varying vehicle classes such as trucks; (3) varying distances 23 
between source and opposite buildings; (4) upgrading the model to compliment more intricate 24 
geometric designs, (5) including road traffic dynamics, and (6) calculating low elevation 25 
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balconies situated on high elevation buildings.  However, it is expected that the range of 1 
geometric scenarios investigated for this study provides results which could be extrapolated 2 
to a number of unexplored scenarios. 3 
 4 
There is an ongoing need to improve the accuracy of road traffic noise predictions in order to 5 
conduct more optimized acoustic design for both building architecture and streetscape design.  6 
This need is becoming increasingly important for road traffic noise mapping studies that aim 7 
to assess the exposure levels of our communities.  The need to minimize building costs raises 8 
another aspect where optimized balcony acoustic design finds its importance.  It is found 9 
from this study, that appropriate balcony acoustic treatments will be optimized if focused on 10 
the relevant ‘zone’ in relation to the source.  Balconies close the source and at low elevations 11 
could easily warrant a different balcony acoustic treatment than a balcony placed further up 12 
the same façade at higher elevation.  The importance of the design of the urban street is 13 
highlighted and building designers may take note of the need to avoid facades that induce 14 
specular reflections.  Thus, there is plenty of scope to further this research into the 15 
development of functional design guidance for use by acousticians and architects. 16 
 17 
The outcomes of this study show that balconies that are acoustically treated or otherwise 18 
should not be ignored for their acoustic effects on speech interference and transmission.  The 19 
most effective treatment is the parapet, followed by ceiling absorption.  The inclusion of a 20 
ceiling shield provides additional benefit, albeit minimal further improvement.  The most 21 
effective design is a combination of treatments, however there is scope to be able to select the 22 
most effective combination depending on site specific circumstances.  The results of this 23 
study are in agreement with other studies on the effects of balcony acoustic treatments.  24 
However, this study has extended that knowledge through the application of speech 25 
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interference and transmission to a larger range of street and balcony geometries and 1 
treatments. 2 
 3 
It is important to improve speech communication on balconies to improve the usability of 4 
private outdoor space.  Speech interference and transmission are parameters that can be used 5 
to assess the benefits of balcony acoustic design.  Ancillary benefits include a reduction in 6 
internal noise levels adjacent to the balcony.  The aims of this study have been achieved in 7 
determining the relative effects of balcony acoustic treatment on speech interference and 8 
transmission.  However, more work is still required in the form of studying the effects of 9 
different street acoustic characteristics, more improved design guides, more informed road 10 
traffic noise mapping, and an improved understanding of the benefits that balconies 11 
contribute to improved social health and general public welfare. 12 
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Table 1: SIL results with balcony type 1 
Balcony 
Type 
Min, dB Max, dB Range, dB 
1 48 75 27 
2 53 79 26 
3 43 77 34 
4 43 72 29 
5 50 76 26 
6 53 76 23 
7 49 75 26 
8 43 70 27 
9 43 67 24 
    
 2 
  3 
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Table 2: Average EDT and RT60 results 1 
 Distance (y) 
 Elevation (z) 5m-20m 40m-100m
EDT 30m-90m 1.4s 2.2s 
 3m-15m 0.6s 1.9s 
RT60 30m-90m 0.7s 0.9s 
 3m-15m 0.5s 0.8s 
    
 2 
  3 
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Table 3: STI results with balcony type 1 
Balcony 
Type 
Min Max ̅ݔ 
1 0.03 0.45 0.24 
2 0.00 0.33 0.19 
3 0.01 0.46 0.26 
4 0.04 0.47 0.31 
5 0.02 0.42 0.22 
6 0.02 0.36 0.20 
7 0.02 0.43 0.23 
8 0.05 0.46 0.28 
9 0.08 0.49 0.32 
    
  2 
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 1 
Figure 1: Conceptual view of the model and its planes, (a) overall street canyon, (b) detailed 2 
balcony view. 3 
 4 
Figure 2: Possible specular reflection paths (a) first order, (b) 2nd to 10th order arriving from 5 
street surfaces, (c) 2nd to 10th order arriving from balcony surfaces.  6 
47 
 1 
Figure 3: Radiosity compartments 1 (street) and 2 (balcony) and example patches on each 2 
reflection surface with pulse types and potential paths for direct, specular and 1st and 2nd 3 
order diffusion including example of diffraction from parapet and ceiling shield planes. 4 
(Color Online) 5 
 6 
48 
Figure 4: Comparison of average measured and predicted (a) SPL, (b) RT60.  Measured data 1 
averaged from Table 1 and Table 2 in Picaut et al43. 2 
 3 
Figure 5: Street dimensions and balcony receiver locations grid. 4 
 5 
49 
Figure 6: Balcony geometric and acoustic configurations.  All parapets 1.0m high.  All 1 
ceiling shields 0.5m high.  All balconies 3.0m high and 2.0m deep.  Absorption on Types 4, 2 
5, 7 and 9. 3 
 4 
Figure 7: Balcony dimensions, balcony receiver and reference receiver locations for all 5 
scenarios. 6 
 7 
Figure 8: Measurements of vehicle sound power levels, (a) schematic instrumentation and 8 
measurement arrangement46, (b) sound power level used in this study showing total, rolling 9 
and propulsion for a passenger car at 60km/hr on a dense graded asphalt pavement surface.  10 
(Color Online) 11 
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 1 
Figure 9: Speech interference level for Types 1 to 9 balconies ((a) to (i) respectively) with 2 
varying street height and width.  Opposite building height set to 45m. 3 
 4 
51 
Figure 10: Comparison of direct, specular and total diffuse propagation paths and their 1 
relative influence on SIL for balcony Types 2 (a), (d) and (g), 3 (b), (e) and (h) and 9 (c), (f) 2 
and (i).  Opposite building height set to 45m. 3 
 4 
Figure 11: Impact of presence of opposite building on specular path (a), (b) and (c) and on 5 
diffusion from street (d), (e) and (f) for balcony Type 1 (a) and (d), Types 3, 4, 8, and 9 (b) 6 
and (e); Types 2, 5, 6, 7 (c) and (f).  Opposite building set to either 0m or 45m. 7 
52 
 1 
Figure 12:  Comparison of SIL between balcony receiver and reference receiver for Types 1 2 
to 9 balconies ((a) to (i) respectively) with varying street height and width.  Opposite building 3 
height set to 45m. 4 
 5 
Figure 13:  Calculated EDT (a), RT60 (b) and difference (c) with varying street height and 6 
width averaged across all balcony types.  Opposite building height set to 45m. 7 
53 
 1 
Figure 14: Speech transmission index for Types 1 to 9 balconies ((a) to (i) respectively) with 2 
varying street height and width.  Opposite building height set to 45m. 3 
 4 
Figure 15: Overall average STI (a) and SIL (b) normalized relative to Type 2 balconies.  5 
Opposite building height set to 45m. 6 
 7 
